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Two new quaternary borocarbide phases were discovered in the Y–Ru–B–C system: the ~1111!
YRuBC phase of the LuNiBC-type structure with tetragonal lattice parameters a
53.625– 3.630 Å and c57.775– 7.874 Å, and the ~1221! YRu2B2C phase of the LuNi2B2C-type
structure with tetragonal lattice parameters a53.742– 3.787 Å and c510.278– 10.453 Å. Bulk
superconductivity of 9.7 K was observed from transport and magnetic measurements for the
annealed YRu2B2C sample with a short Ru–Ru bond length d(Ru–Ru)5A2 a/252.646 Å.
© 1998 American Institute of Physics. @S0021-8979~98!19211-3#Superconductors with relatively high Tc up to 23 K have
been reported in the quaternary borocarbides
RT2B2C (R5Sc, Y, Th, U, or a rare earth; T5Ni, Pd, or
Pt!.1–13 The superconducting phases have been identified to
be the LuNi2B2C-type ~1221! body-centered tetragonal struc-
ture with space group I4/mmm . The structure is a three-
dimensionally connected framework with LuC layers alter-
nated with Ni2B2 layers where Ni is tetragonally coordinated
by four boron atoms.4 Because of the great potential to find
high Tc superconductors in this structure and other related
structures, we investigate the Y–Ru–B–C system. In this
article we report the discovery of two new quaternary boro-
carbides in the Y–Ru–B–C system. One is a high Tc com-
pound YRu2B2C isostructural to LuNi2B2C.
All YRumBmC (m51,2,3,4) samples were prepared
from high-purity elements ~Y. 99.9%, Pd. 99.95%, B.
99.9995%, and C: 99.995%! with stoichiometric starting
composition 1:m:m:1 (m51 – 4) under an argon atmo-
sphere in a Zr-gettered arc furnace. The starting ingredients
were slowly arc melted several times in order to ensure neg-
ligible weight loss and sample homogeneity. For annealing,
the sample was wrapped in the Ta foil and sealed in a thick-
wall ~2 mm! quartz tube under Ar atmosphere, then annealed
at 1200–1400 °C for one day. The crystallographic data were
obtained with a Rigaku Rotaflex rotating anode x-ray diffrac-
tometer using Cu Ka radiation with a scanning rate of 1° in
2u per minute. A Lazy Pulverix-PC program was employed
for phase identification, lattice parameter calculation, and in-
tensity calculation.
The magnetic susceptibility measurements were made
with a m-metal shielded Quantum Design MPMS2 supercon-
ducting quantum interference device ~SQUID! magnetometer
down to 2 K in 10 G low magnetic field. The transport re-
sistance data were obtained using the standard four-probe
method with an ac ~16 Hz! excitation current of 10 mA ~rms!
in the sample space chamber of the MPMS2 down to 2 K.
For the as-melted YRuBC sample, powder x-ray diffrac-
tion data show a multiphase pattern with ;40% of the new
LuNiBC-type ~1111! phase ~tetragonal lattice parameters a
53.635 Å, c57.874 Å, and a unit volume V5104.0 Å3!,4
a!Electronic mail: hcku@phys.nthu.edu.tw6780021-8979/98/83(11)/6789/3/$15.00
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53.787 Å, c510.318 Å, and V5148.0 Å3!,4 and ;20% of
unidentified impurity phases. Superconducting transition
around 4 K was observed but with a very small ~,1%! zero-
field-cooled ~ZFC! diamagnetic shielding signal of 9
31026 emu ~g G) at 2 K. This superconducting signal dis-
appeared after the sample was annealed at 1200 °C for one
day. The x-ray pattern for annealed sample indicates that
after annealing, both the ~1111! phase ~a53.620 Å, c
57.775 Å and V5101.9 Å3! and the ~1221! phase ~a
53.787 Å, c510.314 Å, and V5147.9 Å3! have a slightly
reduced volume due to thermal diffusion and possible boron/
carbon loss during annealing.
For the as-melted YRu2B2C sample, the powder x-ray
diffraction data also show a multiphase pattern with ;70%
of the new tetragonal ~1221! phase ~a53.780 Å, c
510.278 Å, and V5146.9 Å3!, no new ~1111! phase, and
;30% of unidentified impurity phases. No superconductivity
was observed down to 2 K for the as-melted YRu2B2C
sample. It is noted that the new ~1221! phase unit cell vol-
ume of 146.9 Å3 in the as-melted YRu2B2C sample is
smaller than 147.9– 148.0 Å3 observed from the multiphase
YRuBC sample.
In order to enhance the effect of thermal diffusion and
sample homogeneity through heat treatment, the YRu2B2C
sample was annealed at a very high temperature of 1400 °C
for one day in a thick-wall ~2 mm! quartz tube. After the
high temperature annealing, the x-ray diffraction pattern in
Fig. 1 shows no improvement of the new ~1221! phase con-
centration ~;70%! but with a smaller unit cell volume ~a
53.742 Å, c510.453 Å, and V5146.4 Å3!. The calculated
intensity using the atomic positions of the LuNi2B2C-type
~1221! phase4 in YRu2B2C is shown in Fig. 2 for compari-
son. All unidentified impurity phases in as-melted sample
disappeared after annealing, with the emergence of a new
impurity phase of ternary YRu4B4 with tetragonal lattice pa-
rameter a57.45 Å, c514.99 Å.14 The variation of lattice
parameters and unit cell volume for the new ~1221! phase
indicates that there is a homogeneity range
YRu22xB22yC12z for the phase in the Y–Ru–B–C phase
diagram.
The low temperature relative electrical resistance9 © 1998 American Institute of Physics
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DownR(T)/R(300 K) for the annealed YRu2B2C sample is shown
in Fig. 3. A sharp superconductivity transition with zero re-
sistance Tc~zero! was observed at 9.6 K and a superconduct-
ing onset ~1%! Tc~onset! around 10 K. The resistance de-
creases monotonically with decreasing temperature as
expected for a metallic compound, with a large extrapolated
residual resistance ratio R(0)/R(300 K) of 0.73 due to the
impurity scattering of the ternary YRu4B4 phase. Since the
YRu4B4 impurity phase is a low Tc superconductor of 1.4
K14 and other ternary impurities YRuB2 (Tc57.8 K),
YRuB4 (Tc51.4 K), and YRu3B2 ~no Tc down to 1.2 K!15,16
were not observed, the new 10 K superconducting phase
with narrow transition width of 0.4 K is probably due to
the new ~1221! phase having a shorter Ru–Ru bond
length d(Ru–Ru)5A2 a/252.646 Å as compared with d
52.673 Å for the as-melted sample. In the isostructural non-
magnetic RNi2B2C system, similar Tc variation versus
Ni–Ni bond length was observed with Tc of 17 K for
d(Ni–Ni!52.53 Å, 4 K for 2.65 Å, and below 1 K for 2.68
Å.9 For the nonmagnetic RPd2B2C system, Tc of 23 K for
FIG. 1. Powder x-ray diffraction patterns of annealed YRu2B2C sample. The
new LuNi2B2C-type ~1221! tetragonal phase lines are indexed (a53.74 Å,
c510.453 Å). Major impurity is the ternary tetragonal YRu4B4 ~marked by
~4!, with a57.45 Å, c514.99 Å!.
FIG. 2. Calculated intensity of LuNi2B2C-type ~1221! tetragonal phase in
YRu2B2C.loaded 07 Oct 2010 to 140.114.136.38. Redistribution subject to AIP liPd–Pd bond length d(Pd–Pd!52.53 Å and 2 K for d
52.80 Å were observed.11
The bulk nature of superconductivity can be checked
through the magnetic measurement. The low temperature
mass magnetic susceptibility xg(T) of the same sample is
shown in Fig. 4 for both the zero-field-cooled ~ZFC! and
field-cooled ~FC! measurements in a low applied field of 10
G. A diamagnetic superconducting transition signal was ob-
served at 9.7 K, a value equal to the midpoint transition
Tc~mid! of 9.7 K from the transport measurement. A large
ZFC shielding signal of 21.931022 emu/~g G) at 2 K for
the bulk sample indicates the bulk superconducting effect
~using the calculated x-ray density of 7.12 g/cm3!. For the
powder sample ~200 mesh!, smaller ZFC signal of 23.4
31023 emu/~g G) at 2 K was observed in Fig. 5, due to the
multiphase nature of the sample. A large FC signal of
22.031023 emu/~g G) at 2 K for powder sample was ob-
served as compared with smaller FC signal of 22.9
31024 emu/~g G) at 2 K for bulk sample to de-pinning in
the powdering process.
FIG. 3. Low temperature relative resistance R(T)/R(300 K) of annealed
YRu2B2C sample, with Tc~onset! at 10 K, Tc~mid! at 9.7 K, and Tc~zero! at
9.6 K.
FIG. 4. Low temperature mass magnetic susceptibility xg of annealed
YRu2B2C bulk sample in field-cooled ~FC! and in zero-field-cooled ~ZFC!
modes. The superconducting transition Tc at 9.7 K was observed.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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DownTo check the impurity superconductivity, two more
samples were prepared. For the YRu3B3C sample, the x-ray
data showed mostly the YRu4B4 phase ~;80%! for both as-
melted and annealed samples. Two small superconducting
transitions around 8 K ZFC diamagnetic signal of 1
31025 emu/~g G) at 2 K and 4 K @ZFC diamagnetic signal
of 231024 emu/~g G) at 2 K# were observed. Since the
orthorhombic ternary YRuB2 phase has a Tc of 7.8 K,16 the 8
K transition is probably from the impurity YRuB2 phase or
the new YRu2B2C phase. For the YRu4B4C sample, the x-ray
data show mostly the YRu4B4 phase ~.90%! for both as-
melted and annealed samples. A small superconducting tran-
sition around 3 K was observed with the ZFC diamagnetic
signal of 531025 emu/~g G) at 2 K.
In conclusion, two new quaternary borocarbide phases
were discovered in the Y–Ru–B–C system: the ~1221!
YRu2B2C phase of the LuNi2B2C-type structure and the
~1111! YRuBC phase of the LuNiBC-type structure. Bulk
FIG. 5. Low temperature mass magnetic susceptibility xg of annealed
YRu2B2C powder sample ~200 mesh!.loaded 07 Oct 2010 to 140.114.136.38. Redistribution subject to AIP lisuperconductivity of 9.7 K was observed for the annealed
YRu2B2C sample with the shortest Ru–Ru bond length. Im-
purity superconductivity of 3–4 K was also observed in the
Y–Ru–B–C system.
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